Targeted profiling of polyphenols in trees may reveal valuable sources of natural compounds with major applications in pharmacology and disease control. The current study targeted the profiling of polyphenols using HPLC-DAD in Quercus robur, Q. macrocarpa and Q. acutissima bark extracts. Free radical scavenging of each extract was investigated using antioxidant assays. Antimicrobial activities against a wide spectrum of bacteria and fungi were explored, as well as anticancer activities against different cancer cell lines. The HPLC-DAD analyses revealed the availability of several polyphenols in high amounts, including ellagic acid (in Q. robur) and caffeic acid (in Q. macrocarpa) in all three species. The bioactivity assay revealed high antioxidant activity in Q. robur compared to that of the other species, as well as phenolic standards. The three oak bark extracts showed clear antibacterial activities against most bacteria tested, with the highest antibacterial activities in the extracts of Q. robur. In addition, the three extracts showed higher antibacterial activities against Pseudomonas aeruginosa, Micrococcus flavus, and Escherichia coli compared to that of other bacteria. There were strong antifungal activities against some fungi, such as Aspergillus flavus, Penicillium funiculosum, and Penicillium ochrochloron. There were also noticeable anticancer activities against MCF-7, HeLa, Jurkat, and HT-29 cell lines, with the highest anticancer activity in the extracts of Q. robur. This is the first study that reveals not only novel sources of important polyphenols (e.g., ellagic acid) in Q. robur, Q. macrocarpa and Q. acutissima bark but also their anticancer activities against diverse cancer cell lines.
Introduction
Tree barks are widely used in traditional medicine to treat several diseases because of their medicinal properties grounded in the presence of phenolic compounds that can have antioxidant, antimicrobial, and anti-inflammatory activities [1] [2] [3] . The bark of Quercus species in particular is
Results

Targeted Profiling of Biologically Active Metabolites
Quercus Acutissima
In Q. acutissima methanolic bark extracts, only four phenolic acids (caffeic acid, ellagic acid, gallic acid, and protocatechuic acid) were confirmed out of the 21 screened (Table 1 ). The dominant compound was ellagic acid (13.50 mg 100 g −1 DW), followed by gallic acid (7.09 mg 100 g −1 DW). The amounts of protocatechuic and caffeic acids were lower. Out of the five analyzed catechin derivatives in the bark extracts, four were detected (catechin, epicatechin, epigallocatechin, and epigallocatechin gallate; Table 1 ). Their amounts were comparable and ranged from 8.31 to 12.91 mg 100 g −1 DW. Quantitatively the dominant compounds were epicatechin (12.66 mg 100 g −1 DW) and epigallocatechin (12. In Q. macrocarpa bark extracts, a very high amount of caffeic acid was detected at 100.58 mg 100 g −1 DW (Table 1) . Other phenolic acids, including ellagic, protocatechuic, and gallic acid, were also confirmed, but in much lower amounts of 5.07, 3.36, and 0.87 mg 100 g −1 DW, respectively. Two catechin derivatives were found: epicatechin -11.00 mg 100 g −1 DW and epigallocatechin -10.15 mg 100 g −1 DW ( Table 1 and Figure 1 ).
Quercus Robur
In Q. robur bark extracts, four phenolic acids (out of 21 compounds) were detected: ellagic acid, gallic acid, protocatechuic acid, and vanillic acid. The dominant compound was ellagic acid (97.82 mg 100 g −1 DW), whereas the amounts of the other compounds were lower (gallic acid-8.23 mg 100 g −1 DW, protocatechuic acid-6.96 mg 100 g −1 DW, and vanillic acid-2.61 mg 100 g −1 DW). In the studied extracts, a high amount of catechin was estimated at 44.52 mg 100 g −1 DW (Table 1 and Figure 1 ).
Antioxidant Activities
The antioxidant activities of the bark extracts of the three species as well as ellagic and caffeic acids are shown in Table 2 . Q. robur showed significantly higher antioxidant activities by means of the DPPH (IC 50 , 3.0 µg mL −1 ), β-carotene bleaching (IC 50 , 3.3 µg mL −1 ), FRAP (IC 50 , 3.8 mM TEAC g −1 extract) assays compared to other species. Q. macrocarpa exhibited higher antioxidant activities than Q. acutissima. Furthermore, Q. robur antioxidant activities were comparable to standard antioxidants (BHT). The antioxidant activities of ellagic and caffeic acids were comparable to those of Q. robur and Q. macrocarpa, respectively. 
Values with different letters within a column indicates significant differences (p = 0.05). TEAC: Trolox equivalents antioxidant.
Antibacterial Activities
The antibacterial activities of the bark extracts of Q. acutissima, Q. macrocarpa, Q. robur as well as ellagic and caffeic acids using the micro-dilution methods are shown in Table 3 . The three extracts exhibited clear antibacterial activities against most species of microorganism studied. The MIC values ranged between 0.04 and 0.29 mg mL −1 , whereas the MBC ranged between 0.11 and 0.66 mg mL −1 . The response of the bacterial species to the extracts used varied among species. The highest antibacterial activities were found for the extracts of Q. robur compared to those of the other two species. The three extracts exhibited higher antibacterial activities against Pseudomonas aeruginosa, M. flavus and E. coli compared to other bacterial species. Further, their antibacterial activities were comparable to those of antibiotics. The antibacterial activities of phenolic standards of the ellagic and caffeic acids were comparable and higher than those of Q. robur and Q. macrocarpa extracts, respectively. 
Antifungal Activities
The extracts were screened for their antifungal activities against several fungi, as shown in Table 4 . The MIC ranged between 0.16 and 2 mg mL −1 , whereas the MFC ranged between 0.23 and 3.61 mg mL −1 . There were obvious antifungal activities against some fungi, including A. flavus, Penicillium funiculosum, and Penicillium ochrochloron. However, A. ochraceus and A. niger, as well as C. albicans, showed slight resistance to the extracts. The activities of the extracts were comparable to commercial reagents in most cases. The antifungal activities of phenolic standards of the ellagic and caffeic acids were comparable to those of Q. robur and Q. macrocarpa extracts, respectively. 
Anticancer Activities
The bark extracts were screened for their anticancer activities against different cancer cell lines, as shown in Table 5 . There were obvious anticancer activities against MCF-7, HeLa, Jurkat, and HT-29 cell lines. The highest anticancer activity was found in the extracts of Q. robur compared to that of Q. macrocarpa and Q. acutissima. Only Q. robur exhibited anticancer activity against T24. The anticancer activities of phenolic standards of the ellagic and caffeic acids were comparable to those of Q. robur and Q. macrocarpa extracts, respectively. The apoptotic assay revealed the accumulation of necrotic as well as both early and late apoptotic cells in different treatments in a dose dependent manner (Figures 2 and 3 ). 
Discussion
The HPLC-DAD analyses of methanolic extracts of the bark of three Quercus species indicated that specific phenolic acids and catechin derivatives were the major active ingredients. Three phenolic acids were common in all three bark extracts (ellagic acid, gallic acid, and protocatechuic acid) and 
The HPLC-DAD analyses of methanolic extracts of the bark of three Quercus species indicated that specific phenolic acids and catechin derivatives were the major active ingredients. Three phenolic acids were common in all three bark extracts (ellagic acid, gallic acid, and protocatechuic acid) and they are benzoic acid derivatives. Ellagic acid and gallic acid are known derivatives produced by tannin hydrolyses, typical for the Quercus species [2, 12] . Interestingly, extremely high amounts of ellagic acid were found in Q. robur bark extract (97.82 mg 100 g −1 DW) that were 7-fold that of Q. acutissima and 17-fold that of Q. macrocarpa bark extracts (Table 1 ). In Q. acutissima and Q. macrocarpa bark extracts, there were noticeable amounts of caffeic acid. In Q. macrocarpa, the caffeic acid content was −100.58 mg 100 g −1 DW (23-fold that of Q. acutissima) ( Table 1 ). In Q. robur bark extract, vanillic acid was detected ( Table 1 ). This phenolic acid was not detected in other Quercus species. In the Quercus species, the most often studied bioactive metabolite content is that of leaf and needle extracts of Q. robur [18] . A previous study documented some phenolic acids, including p-hydroxybenzoic acid, vanillic acid, gallic acid, syringic acid, ferulic acid, and oand p-coumaric acids. For Q. acutissima, gentisic acid (phenolic acid) was confirmed in the extracts of fresh acorns [19] . However, in the available literature, no information regarding phenolic acid estimation in Q. macrocarpa or in the bark extracts of the three Quercus species was found. The latter is important because the cortex is recognized as the raw material of oaks. This study demonstrated differences in secondary metabolite composition among the examined cortex extracts and is the first to document the phenolic acid profiles in these materials.
The detected phenolic acids in the studied extracts are very important from a pharmacological and economic point of view. For example, gallic acid has antibacterial, hypoglycemic, anticancer, and antimutagenic activities [20, 21] . In agreement with the current study, ellagic acid is known for strong antioxidative, antiproliferative, and anticancer properties [22, 23] . Protocatechuic acid has antifungal, antibacterial, antiviral, anti-inflammatory, antiatherosclerotic, antiulcer, and anticancer properties [20, 24, 25] . Vanillic acid also exhibits antioxidant and hepatoprotective actions [26, 27] . The presence of these compounds, in addition to tannins, contributes to the pharmacological activities of these raw materials.
The Quercus cortex is recognized in phototherapy as a valuable plant raw material because of its extremely high tannin content [10] . In the current study, the chromatographic analyses detected catechin and some derivatives, epicatechin, epigallocatechin, and epigallocatechin gallate, in bark extracts ( Table 1 ). The presence of these compounds was confirmed in the Q. robur bark extract [28] . However, little is known about secondary metabolites polyphenolic compositions in the bark extracts of Q. acutissima and Q. macrocarpa. Only the presence of catechin was previously described in Q. acutissima [13, 19] . Our study has contributed to the greater understanding of the tannin composition of Q. acutissima and Q. macrocarpa.
Q. robur exhibited significantly higher antioxidant activities by means of the DPPH and β-carotene bleaching assays compared to that of the other species and had activities comparable to that of standard antioxidants. Such important antioxidant activities are primarily attributable to the major bioactive compound, which is ellagic acid. High antioxidant activities were described for ellagic acid [29] . In agreement with our results, a study [2] reported strong antioxidant activities in Q. robur bark from Poland; however, they did not detect the phenolic profile of those trees. A recent investigation on Q. robur and Q. petraea leaves, twigs, and acorns from Serbia revealed strong antioxidant activities [5] . Q. macrocarpa had higher antioxidant activities than Q. acutissima and this can be explained by the extremely high amount of caffeic acid in Q. macrocarpa. Caffeic acid is known for antioxidant, antibacterial, and antifungal activities [30] , which is in agreement with the results of the current study.
The three extracts showed antibacterial activities against most bacteria species studied and the highest antibacterial activities were found in the extracts of Q. robur as compared to that of the other two species. A previous report on Q. robur from Finland documented some antibacterial activity of the bark extract on S. aureus and C. albicans using the agar diffusion method [31] . In the current study, strong antibacterial activities were found against Pseudomonas aeruginosa, M. flavus, and E. coli and moderate activities against other bacterial species. The work on Q. robur bark bioactivities is relatively limited, but other species, such as Q. cortex, have revealed some antibacterial activities against Chromobacterium violaceum [32] . These strong antibacterial activities might be attributed to ellagic acid, which has some antibacterial activities against certain bacteria, such as Streptococcus mutans, Streptococcus sanguis, and Streptococcus salivarius [33] . Additionally, the catechin-rich sources revealed in this study have obvious strong antibacterial and antifungal activities and are comparable to other genera. Green tea (Camellia sinensis) are flavan-3-ols that have moderate to strong antibacterial activities against Gram-positive and Gram-negative bacterial species [34] . Furthermore, green tea polyphenols have been associated with some antifungal effects against C. albicans [35] . In the current study, obvious antifungal activities were found against A. flavus, Penicillium funiculosum, and Penicillium ochrochloron, as well as moderate activities against C. albicans. Such effects are mainly attributable to specific polyphenols such as ellagic acid, which are flavan-3-ols, and caffeic acid. These polyphenols might be the major component of the raw material as in the bark of oaks.
There were anticancer activities against MCF-7, HeLa, Jurkat, and HT-29 cell lines and the highest activities were found in the extracts of Q. robur compared to that of Q. macrocarpa and Q. acutissima. A previous report documented that Q. petraea (stem bark) and Q. robur (leaf) extracts have potent inhibitory activities against LoVo colon, PC3 prostate, and U373 glioblastoma cancer cell lines, but they did not describe the active ingredients in the extracts [36] . Furthermore, the use of Q. robur, Q. macrocarpa, and Q. acutissima bark extract as an anticancer agent is novel. The anticancer activities are mainly attributed to major constituents, such as the ellagic acid found in this study. Also, flavan-3-ols have previously shown anticancer activities [37] . The oak barks selected for the current study are valuable sources of anticancer, antioxidant, and antimicrobial natural compounds.
Materials and Methods
Plant Material and Sample Preparation
The outer bark of Q. acutissima, Q. macrocarpa, and Q. robur (Fagaceae family) were sampled from the University of Guelph Arboretum in Guelph, Ontario, Canada, identified by Hosam Elansary, and then vouchered at the University of Guelph and at Alexandria University (Hosam000975-2018) . The Quercus spp. bark samples were dried by lyophilization (Labconco, USA) and then powdered. The dried pulverized plant samples of 0.5 g DW (dry weight) each, in 3 replications, were put in 15 mL tubes and subjected to extraction with 10 mL methanol (Chempur, Poland) by sonication (2 × 30 min at 30 • C) in an ultrasonic bath (Sonic-2, POLSONIC; ultrasonic power 2 × 100W, 40 kHz, water bath dimensions 150 × 135 × 100 mm). The extracts were filtered using Whatman paper and left in crystallizers to evaporate methanol at room temperature. The dry residue was dissolved in 2 mL of methanol (Merck, HPLC grade purity) [38] . Then the samples were stored at −80 • C for future bioassays. For bioassays, the methanol was totally removed by evaporating the methanol in a rotary evaporator. Analytical/HPLC grade chemicals were used (Sigma Aldrich, Germany) for the bioassays. 
Chemicals
The following standards were used for phenolic acid quantification: benzoic acid and its derivatives (3,4-dihydroxyphenylacetic, ellagic, gallic, gentisic, p-hydroxybenzoic, protocatechuic, salicylic, syringic, and vanillic acids); cinnamic acid and its derivatives (caffeic, o-coumaric, m-coumaric, p-coumaric, ferulic, hydrocaffeic, isoferulic, and sinapic acids); and depsides (chlorogenic, neochlorogenic, and rosmarinic acids). To quantify the flavonoids, aglycone (kaempferol, luteolin, myricetin, quercetin and rhamnetin) and glycoside (apigetrin, cynaroside, hyperoside, isoquercetin, quercitrin, robinin, rutin, trifolin, vitexin) standards were used. To quantify the catechin derivatives, epicatechin, epicatechin gallate, epigallocatechin, epigallocatechin gallate and catechin were used. All the substances were acquired from Sigma-Aldrich, Germany.
Analyses of Phenolic Compounds
Analyses of the bark methanolic extracts were performed by a HPLC method [39, 40] using the Merck-Hitachi liquid chromatograph (LaChrom Elite) with a DAD detector L-2455. The Purospher RP-18e (250 × 4 mm; 5 µm, Merck) column was used and the temperature was set to 25 • C. The mobile phase consisted of A-methanol, B-methanol: 0.5% acetic acid 1:4 (v/v). The flow rate was 1 mL/min, the gradient was as follows: 100% B for 0-20 min; 100-80% B for 20-35 min; 80-60% B for 35-55 min; 60-0% B for 55-70 min; 0% B for 70-75 min; 0-100% B for 75-80 min; 100% B for 80-90 min. The injection volume was 20 µL and the compounds of interest were detected at 254 nm. The applied HPLC method was previously validated by our group [39] . The tested parameters were the following: accuracy; precision at three levels of standard substance concentrations in solution, 50%, 100%, and 150%; linearity; limit of detection (LOD); and limit of quantification (LOQ) [39] . Identification of compounds was performed either by comparison with UV spectra and retention times of reference substances or using co-chromatography ( Figure 1) . The compounds were quantified using the calibration curves method [38, 40, 41] .
Antioxidant Activity
DPPH, β-carotene bleaching [42] and ferric reducing antioxidant power (FRAP) [43] assays were used to determine the antioxidant activities of the bark extracts. For DPPH, the samples were incubated for 30 min, and then a wavelength of 517 nm was used to measure absorbance. During the β-carotene bleaching assay, the wavelength of 470 nm was used to determine the absorbance. The amount of the sample (IC 50 in µg/mL) that scavenged 50% of the DPPH/ β-carotene bleaching solutions was determined by plotting the inhibition percent against extract concentration. A standard antioxidant was used (butylated hydroxytoluene, BHT) as a positive control and the inhibition concentration of each sample was compared with that of the BHT and blank. The FRAP reagent was prepared as described in previous studies (e.g., [43] ) using TPTZ (tripyridyl triazine, Sigma-Aldrich, Berlin, Germany). Aliquots (100 µL) of bark extracts or Trolox (Sigma-Aldrich, Berlin, Germany) were added to FRAP reagent (3 mL), mixed, incubated for half an hour at 37 • C and the absorbance was measured at 593 nm. Aqueous solutions of known serial concentrations of Trolox (0-0.5 Mmol/L) were used for the calibration. Two sets of triplicate replications were conducted for all experiments.
Antibacterial Activity
Antibacterial activities of bark extracts were screened against Bacillus cereus (ATCC 14579), Escherichia coli (ATCC 35210), Listeria monocytogenes (clinical isolate), Micrococcus flavus (ATCC 10240), Pseudomonas aeruginosa (ATCC 27853), and Staphylococcus aureus (ATCC 6538) using the micro-dilution method [44] . Microtiter plates (96-well) containing a serial concentration of bark extract in each well mixed with bacterial inoculum (1.0 × 10 4 CFU per well) in 100 µL tryptic soy broth were incubated at 37 • C for 24 h in a rotary shaker. The minimum inhibitory concentration (MIC) was defined as the lowest concentration of plant extract that exhibited no visible growth using a binocular microscope and was determined following the incubation period of the microtiter plates. The minimum bactericide concentration (MBC), which was defined as the lowest concentration that caused no visible growth and indicated the killing of 99.5% of the inoculum, was determined using serial subculturing of bark extracts (2 µL). A wavelength of 655 nm was used to determine the optical density in a spectrophotometer. A positive control was used (streptomycin, 0.01-10 mg/mL), as well as a negative one (DMSO, 1%).
Antifungal Activity
The antifungal activities of bark extracts were determined using a variety of infectious and economically important fungi, including Aspergillus flavus (ATCC 9643), A. ochraceus (ATCC 12066), A. niger (ATCC 6275), Candida albicans (ATCC 12066), Penicillium ochrochloron (ATCC 48663), and Penicillium funiculosum (ATCC 56755). The microdilution method was employed in this assay [45] using bark extract (2 µL) mixed with broth malt medium and the fugal inoculum (spore suspension concentration of 1.0 × 10 5 ) in microtiter plates. The plates were incubated at 28 • C for 72 h in a rotary shaker; then the MIC was determined as the lowest concentration inhibiting fungal growth at the binocular microscopic level. The minimum fungicidal concentration (MFC) was defined as the minimum concentration showing no visible growth and indicating the killing of 99.5% of the original inoculum. MFC was determined using serial sub-cultivations of the bark extracts (2 µL) added to 100 µL of broth and inoculum, and then incubated at 28 • C for 72 h. A positive control was used (ketoconazole, 1-3500 µg/mL).
Anticancer Activities
Cytotoxic activities of the bark extracts were tested on MCF-7, HeLa, Jurkat, HT-29, and T24, as well as HEK-293 (human normal cells) following the MTT method [46] . Briefly, cells were grown in 75 cm 2 flasks in MEM with 10% FBS, 17.8 mM NaHCO 3 , 0.1 mM non-essential amino acids, and 1 mM sodium pyruvate. They were seeded into 96-well plates at a density of 4 × 10 −4 per well, left overnight in 270 µL medium, and incubated at 37 • C, 5% CO 2 . Steri-filtered bark extracts were added to the culture media in microtiter plates. Five doses of bark extract were used to reach a final concentration of 50, 100, 200, 300, and 400 µg/mL culture media. Samples were solubilized in DMSO (1%). Untreated cells were considered negative controls and vinblastine sulfate and taxol were used as positive controls. After the incubation of the culture media for 2 days at 37 • C and 5% CO 2 , PBS washing was performed to remove traces of the extract and the medium was supplied by 12 mM MTT dissolved in PBS. Dissolved in isoprobanol, 0.04 N HCl was mixed in each well, allowed to sit for 40 min, and the absorbance was determined at a 570 nm wavelength using a microplate reader (Thermo, MA, USA). The percentage of activity inhibition was calculated in triplicate: % Inhibition = (Abs. 570 nm control-Abs. 570 nm sample)/Abs. 570 nm control × 100. Furthermore, IC 50 values were obtained by plotting the percentage of cell viability against extract concentration and expressed in µg/mL. The IC 30 and IC 50 were used to show the dose dependent apoptotic cell population using flow cytometry (FAC Scan, Becton Dickinson, Iowa, USA) following [46] [47] [48] .
Statistical Analyses
The least significance difference (LSD) was determined using SPSS software (version 22.0). The quantitative results of chromatographic analyses were expressed in mg 100 g −1 dry weight (DW) as the mean ± standard deviation (SD) of three series of experiments.
Conclusions
This is the first study to profile polyphenols in Q. robur, Q. macrocarpa, and Q. acutissima bark extracts, as well as their bioactivities as antioxidants, antibacterial, antifungal, and anticancer materials. The study revealed the availability of several polyphenols in the three species. The bioactivity assay revealed high antioxidant activity in Q. robur compared to that of the other species. The three oak bark extracts showed clear antibacterial activities against most bacteria tested. The highest antibacterial activities were found in the extracts of Q. robur and the three extracts showed higher antibacterial activities against Pseudomonas aeruginosa, M. flavus, and E. coli compared to activities against other bacteria. There were strong antifungal activities against some fungi, such as A. flavus, Penicillium funiculosum, and Penicillium ochrochloron. There were anticancer activities against MCF-7, HeLa, Jurkat, and HT-29 cell lines. The highest anticancer activity was found in the extracts of the Q. robur compared to that of Q. macrocarpa and Q. acutissima. The use of Q. robur, Q. macrocarpa, and Q. acutissima bark extract as an anticancer agent is novel and is attributed to specific phenols such as ellagic acid. The oak bark used in this study are valuable sources of antioxidant, antimicrobial, and anticancer compounds. 
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